Genetic variability of the nontranscribed spacer (NTS) region within ribosomal DNA repeating units in the various subspecies of Mus musculus was determined. Mice belonging to several laboratory mouse strains were examined by means of Southern blot hybridization with a mouse ribosomal DNA probe. This probe encompasses the 3' end of the 28s ribosomal RNA (rRNA) gene and the following spacer. Restriction enzyme digestions of the liver DNAs from various wild mice revealed that each of the subspecies has a unique pattern in the spacer encompassing a distance -10 kb downstream from the ribosomal gene. These restriction patterns permit the classification of mouse subspecies and also provide insights into the origin of the laboratory mouse strains.
Introduction
Recent studies on the restriction fragment-length polymorphism (RFLP) of mitochondrial DNA (mtDNA) suggested that laboratory mouse strains were derived primarily from the European subspecies Mus musculus domesticus (Yonekawa et al. 1980 Ferris et al. 1982) . However, since mtDNA is maternally inherited (Huchinson et al. 1974) and may cross subspecies boundaries (Ferris et al. 1983a; Boursot et al. 1984) , its restriction patterns may not reflect the true evolutionary relationship of subspecies involved. It was therefore considered essential to examine nuclear DNA, specifically ribosomal DNA (rDNA), for such relationships. Variations in rDNA follow Mendelian patterns of inheritance.
There are 100-200 copies of mouse rDNA genes in the genome (Atwood et al. 1976) . They are tandemly repeated in clusters at several different sites on the chromosomes. Each rDNA repeating unit is composed of a coding region that is transcribed into the precursor molecule for 28S, 5.8S, and 18s rRNA and a nontranscribed spacer (NTS). The NTS in rDNA is known to evolve rapidly in most of the higher eukaryotes (Arnheim 1983) , and restriction analysis of such DNA has already been shown to provide useful phylogenetic data (Wilson et al. 1984) . Restriction-site maps of the rRNA gene region including the NTS have been constructed by Carry et al. (1977) and Kominami et al. ( 198 1) for laboratory mice.
In this study, the restriction cleavage patterns of the NTS region of rDNA from various subspecies of Mus musculus (wild and laboratory strains) were compared. Geographical distribution of the rDNA haplotypes based on RFLP provides further insight into the origin of laboratory strains.
Material and Methods

Mice
The animals used in the present study included wild mice (see table 1 for the collecting localities); laboratory mice A/WySnJ, AKR/J, AU/SsJ, C3H/HeJ, C57BL/ 65, C57BL/lOJ, DBA/lJ, DBA/2J, PL/J, SM/J, and 129/SvSlCP (all originally from the Jackson Laboratory); BALB/cAnN and CBA/CaHN (both originally from the National Institutes of Health); RFM/Ms (from the National Institute of Radiological Sciences, Japan); and NZB/San (from the Institute of Medical Science, University of Tokyo).
Blot Analysis
Nuclear DNAs were prepared from the livers of the mice as described by Maniatis et al. (1982) . They were digested with EcoRI and/or BamHI (Takara Biochemicals, Kyoto, Japan) and electrophoresed on 0.6%-0.7% agarose gel at 3V/cm for 8-l 5 h in 40 mM Tris-acetate buffer (pH 7.8) containing 2 mM ethylene diaminetetraacetate and 0.5 pg/ml ethydium bromide. Then, the double-stranded DNA fragments were transferred to a nitrocellulose filter, heated at 80 C for 3 h, and hybridized with a probe of 0.7-kb double-stranded DNA in 6 X SSC as described by Southern (1975) .
(1 X SSC = 0.15 M NaCl-0.015 M Na citrate solution with pH 7.0.) The probe was prepared from an EcoRI-6.6-kb rDNA fragment cloned by Kominami et al. (1982) . It included the HinfI restriction site at the 3'-end region of 28s rDNA and the BamHI site in the NTS downstream of the 3' end. Labeling of the probe was carried out using ( a-32P)dCTP (Amersham Searle) and DNA polymerase I (Boehringer-Mannheim) (Maniatis et al. 1982) . The specific radioactivity of the probe was l-2 X lo* cpm/pg. The site of the DNA probe within the DNA repeating unit is illustrated schematically in figure 1 (Kominami et al. 198 1) . Prior to hybridization, the filter was incubated at 66 C for 2-4 h in 10 ml of the 6 X SSC containing 0.0 1% (w/v) sodium dodecyl sulfate and Denhardt's solution with denatured salmon-sperm DNA (100 pg/ml). Hybridization was performed at 66 C for 24 h, and the filter was washed twice with 150 ml of 0.1 X SSC for 1 h. Autoradiography was performed on Fuji-RX film (Fuji-Film Co., Japan) for 12-24 h with an intensifying screen. For a more detailed restriction map near the 3' end of 28s rDNA, the EcoRI or BamHI fragments were digested with EcoRV, PvuII, PstI, or Sac1 endonucleases (Takara Biochemicals, Kyoto, Japan). The resulting fragments were hybridized with the DNA probe.
Molecular-Weight Determination of DNA As shown in figure 1 , molecular weights of the restriction fragments of the rDNA repeating units were determined using 0.6%-0.7% agarose gel and rDNA fragments such as 2.3-kb BamHI and 6.6-kb EcoRI fragments as molecular markers (Kominami et al. 1981 Kominami et al. ( 198 1) . The 4% rRNA coding region is depicted by the elongated box. The darkened segments of the box labeled 18s and 28s indicate the genes coding for 18s and 28s rRNA, respectively. The 0.7-kb probe used hybridizes with mouse rDNA from the Hi&I site on the 3'-end region of the 28s rRNA gene to the BumHI site (B4) on the following spacer region.
Results
Heterogeneity Involving EcoRI or BamHI Fragments of rDNA Repeating Units from Wild Mice
The EcoRI and BamHI digests of the liver DNAs obtained from 55 individuals collected at 3 1 sites throughout the world (table 1) were hybridized with the 0.7-kb rDNA probe. The patterns obtained are shown in figure 2 and summarized schematically in figure 3 . The restriction fragments in the region from the 3' end of 28s rRNA gene to the downstream spacer region varied in length in the different subspecies. As seen in figure 3 , at least nine different EcoRI bands and seven BamHI bands were observed. These were 5. l-10.5 and 2.3-30 kb, respectively. Each subspecies seemed to have a characteristic major band, such as 2.3-kb BamHI in A4us musculus domesticus. These restriction patterns suggest that many types of DNA repeating units occur in the wild mouse populations investigated. In this paper each type is designated as an rDNA haplotype.
Restriction-Site Maps of rDNA Haplotypes
Eight rDNA haplotypes were recognized based on the sizes of the EcoRI, BamHI, and EcuRI + BamHI digests (table 2). To construct the restriction maps for these haplotypes, the genomic DNAs from seven individuals (DOM-LBL, SK/Cam, BRV-MPL, MUS-BLG3, MOA, CAS-QZN, BAC-LAH) were digested with both EcoRI and one of the following enzymes: BamHI, EcoRV, PvuII, PstI, and SacI.
On double digestion with EcoRI and EcoRV, only a single major fragment of 1.1 kb was observed in all the cases (data not shown). This suggested that the EcoRI Heterogeneity of Nontranscribed Spacer in Ribosomal Genes 129 
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' Inbred strain obtained through Dr. K. Kondo.
b Original nomenclatures were DBP for BLG, DGD for GRC, BRV/2 for MPL, and MBV for BLG3.
' Inbred strain developed by Dr. K. Kondo.
and EcoRV sites are well conserved in the mouse subspecies examined. The 0.7-kb probe hybridized with the region just downstream of the E2 site (see fig. 1 ). Therefore, the conservative EcoRV site is probably located 1.1 kb downstream of E2. Both single and double digestions placed BarnHI, PvuII, and Sac1 sites upstream of E2. Those sites were also well conserved in all mice investigated. The restriction maps of the eight rDNA haplotypes (rl-r8) are presented schematically in figure 4 . molossinus mice collected from seven localities in Japan (nos. 15-21) exhibited a characteristic minor haplotype, r5. Wild mice from Hakozaki (no. 22) in northern Kyushu had r4 and r8 haplotypes. The latter appears specific for bactrianus (nos. 7, CaHN and NZB/San DNA yielded fragments more than 6.5 kb long. On EcoRI digestion, PL/J showed a 5.5kb minor component(s). In addition, a 7.0-kb minor band was found in Au/SsJ and RFM/Ms strains.
Discussion
Genetic Classification of Wild Mice
The NTS region involving the area 10 kb downstream from the 3' end of the 28s rRNA gene was found to be highly variable with respect to the distribution of the restriction sites in wild subspecies of A4us musculus. At least 10 different kinds of rDNA haplotypes were recognized in the genomes of subspecies investigated. Restriction maps of eight of these are presented in figure 4 . Each subspecies appears to have a characteristic combination of the haplotypes. Previously, Kuehn and Arnheim ( 1983) reported a polymorphism of the NTS region that lies 2 10 bp upstream from the origin of transcription of the rRNA precursor. Since nothing is known about the distribution of this polymorphism, its usefulness in distinguishing between subspecies is uncertain.
The patterns of rDNA organization in the seven subspecies studied--domesticus, brevirostris, bactrianus, urbanus, castaneus, muscuhs, and molossinus-suggest that this could provide us with a new set of criteria for their classification. The subspecies studied may be placed into three groups-domesticus, castaneus, and musculususing the NTS haplotypes (r 1 -r8) summarized in table 3. This appears consistent with the conclusions previously reached following mtDNA restriction enzyme studies (Yonekawa et al. 1981; Ferris et al. 1983b ) and the hemoglobin beta chain allelic frequencies . Subspecies domesticus and brevirostris are combined into the domesticus group because they have rl, r2, and r3; musculus and molossinus are placed in the musculus group because both have r4 and r5; and bactrianus, castaneus, and urbanus are combined into the castaneus group because they have r6, r7, and r8.
The above classification does not match perfectly with the three major biochemical groups (Musl, Mus2, and MUSS) suggested by Bonhomme et al. (1984) . In Bonhomme et al.'s classification, castaneus is placed in the musculus group and bactrianus in a distinct group. Which of these classifications is preferable remains to be settled.
Differences were also found between brevirostris (e.g., BRV-MPL) and domesticus (e.g., DOM-LBL, SK/Cam, DOM-BLG, and DOM-CRC). For instance, in BRV- MPL, in addition to rl and r2, -50% of the haplotypes are r3, which is characteristic of brevirostris. Previous studies using either protein polymorphism (Bonhomme et al. 1978 Sage 1981; Thaler et al. 1981) or mtDNA (Ferris et al. 1983b ) did not detect marked differences between domesticus and brevirostris. They are, therefore, often combined in a single taxonomic unit, M. m. domesticus (biochemical group Mus 1). However, in the old classification of Schwartz and Schwartz ( 1943) , domesticus, being dark colored and having a large body and long tail, is considered the northern form, whereas brevirostris, being light colored and white bellied and having a somewhat shorter tail and smaller body weight, is found in more southern climates. These two morphophytes may have a different ecological preference. The rRNA haplotypes may also be used to give some insight into the evolutionary relationship among the subspecies involved. In this regard the r 1, r4, r6, and r7 types, which are generally observed in wild mouse populations, may be especially informative. E2/B fragments of both r 1 and r4 types are 0.1 kb longer than those of r6 and r7. Two explanations for this may be suggested. One is that r 1 and r4 were derived from r6 and r7. Ancestral castaneus, which carried r6 and r7, moved west and in differentiating to bactrianus lost r6. Subsequently, in domesticus, the rl was derived from r7 through the insertion of a 0. 1-kb DNA in the E2/B fragment. In ancestral castaneus, which differentiated to musculus in the east or north, r6 became r4 by insertion of a 0. 1-kb DNA. A second hypothesis involves the mixing of domesticus-like and musculus-like mice in ancient time. Thereafter, E2/B fragments of rl and r4 were shortened by -0.1 kb in the genomes of the castaneus ancestors. This gave rise to r6 and r7. Such changes have been well documented in repetitive DNA families (see Dover 1982 for review).
Origin of Laboratory Mice
The 15 inbred strains examined so far possess the domesticus type NTS: r 1 and r2. This is consistent with the comparative analysis of chromosomal C-banding patterns (Moriwaki et al. 1982 (Moriwaki et al. , 1985 and endonuclease-cleavage patterns of mtDNA (Yonekawa et al. 1980 Ferris et al. 1982 Ferris et al. , 1983b , which suggested that the whole mitochondrial genomes and most of the nuclear genes of inbred mice were derived from western Europe (M. m. domesticus). Some nuclear genes appear, however, to have originated in Asiatic mice (M. m. molossinus and others). Further, it is interesting to speculate on the origin of restriction fragments found in several of the inbred strains as minor components. For example, PL/J had 5.5-kb DNA, and AU/SsJ and RFM/ MS contained 7.0-kb DNA on EcoRI digestion. This suggests that brevirostris contributed to the establishment of the PL/J strain. However, it is not clear at present whether the 7.0-kb fragment found in AU/&J and RFM/Ms should be included in the category of r8 or in one of the other NTS haplotypes not used in the present study. Double digestion of 7.0-kb DNA with EcoRI and BamHI suggested the latter possibility (data not shown).
